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Summary
Cell proliferation in animals must be precisely con-
trolled, but the signaling mechanisms that regulate
the cell cycle are not well characterized. A regulated
terminal mitosis, called the second mitotic wave
(SMW), occurs during Drosophila eye development,
providing a model for the genetic analysis of prolifer-
ation control. We report a cell cycle checkpoint at the
G1-S transition that initiates the SMW, and we demon-
strate that Notch signaling is required for cells to
overcome this checkpoint. Notch triggers the onset
of proliferation by multiple pathways, including the
activation of dE2F1, a member of the E2F transcrip-
tion factor family. Delta to Notch signaling dere-
presses the inhibition of dE2F1 by RBF, and Delta ex-
pression depends on the secreted proteins Hedgehog
and Dpp. Notch is also required for the expression of
Cyclin A in the SMW.
Introduction
Although cell cycle mechanisms are well characterized,
less is known about how cell proliferation is develop-
mentally regulated in multicellular organisms. What are
the external signals that spatially and temporally coor-
dinate mitosis, and how do they integrate with the core
cell cycle machinery? Loss of control of proliferation in
animals leads to developmental defects and can cause
disease; notably, hyperproliferation is the hallmark of
cancer. A powerful model system in which to address
cell cycle control is the developing Drosophila eye, in
which a regulated terminal mitosis occurs. Retinal de-
velopment initiates in the monolayer epithelium of the
eye imaginal disc during the third larval instar. A wave
of development sweeps from posterior to anterior
across the disc preceded by an indentation known as
the morphogenetic furrow (MF). Anterior to the furrow,
cells proliferate randomly, and there is no overt differen-
tiation; posterior to it, ommatidial clusters start to form,
and the different cells of the adult retina are pro-
gressively recruited from the surrounding undetermined
cells (reviewed in Wolff and Ready, 1993).
As cells enter the morphogenetic furrow, they arrest
in G1 phase of the cell cycle (Ready et al., 1976;
Thomas et al., 1994). A few hours later, as they emerge
from the posterior of the furrow, cells can be divided
into two populations: those in “preclusters” that initiate*Correspondence: mf1@mrc-lmb.cam.ac.uk
1Present address: Centro de Biologia Molecular, Universidad Autó-
noma de Madrid, Cantoblanco, 28049 Madrid, Spain.ommatidial recruitment, and undifferentiated surround-
ing cells. All cells that have not joined a precluster un-
dergo one final and simultaneous round of mitosis,
needed to produce enough cells to complete develop-
ment. These cells enter S phase and G2, and finally
they divide (reviewed in Baker, 2001; Thomas et al.,
1994). This final round of mitosis is called the second
mitotic wave (SMW). Because eye development is con-
trolled by an interlocking series of intercellular signaling
events, the SMW provides an opportunity to investigate
how external signals can control the cell cycle. Indeed,
Baker and colleagues have defined the existence of a
checkpoint at the G2-M transition of the SMW (Baker
and Yu, 2001). This is overcome by EGF receptor
(EGFR) activation, which leads directly to the expres-
sion of string, the Drosophila homolog of cdc25, the
universal activator of eukaryotic mitosis (Baker and Yu,
2001; Baonza et al., 2002).
The observation that even in the absence of any om-
matidial development (in Elp/Elp mutant eye discs)
cells behind the furrow still enter the S phase of the
SMW suggested that this was a constitutive event and
that the EGFR-controlled G2-M checkpoint was the pri-
mary regulated step in the SMW. In this paper, we pro-
vide evidence that there is, in fact, a prior checkpoint
that triggers the initiation of the SMW. This checkpoint
occurs at the G1-S transition, and cells need to receive
an intercellular signal via the Notch receptor to over-
come it. Notch acts through dE2F1, the transcription
factor that directs the expression of many S phase
components, and its inhibitor RBF1, the Drosophila ho-
molog of the retinoblastoma factor, which is a specific
inhibitor of E2F activity. Notch also activates the ex-
pression of cyclin A, which appears to participate in S
phase onset. By combining our results with earlier work
on the role of the EGFR (Baker and Yu, 2001; Baonza
et al., 2002; Yang and Baker, 2003), we have developed
a model for how intercellular signaling pathways inte-
grate to control cell proliferation in the SMW.
Results
Delta/Notch Signaling Is Required for the G1-S
Transition in the Second Mitotic Wave
To determine whether Notch signaling is required for
the SMW, we examined stage-specific cell cycle mark-
ers in clones of cells mutant for a null allele of Notch.
Removal of Notch in the eye caused a cell-autonomous
block of mitosis, as assayed by phosphohistone H3
(PH3) staining, and of DNA synthesis, as assayed by
BrdU incorporation (Figures 1A and 1B; see the cells
outside the clones for the wild-type expression of these
markers). This contrasts with the loss of the compo-
nents of the EGFR pathway, in which mitosis is blocked
but the preceding S phase is unaffected (Baker and Yu,
2001; Baonza et al., 2002). This suggested that, in the
absence of Notch signaling, cells could not enter the S
phase that initiates the SMW. Note, however, that we
observed a small number of cells that incorporated
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530Figure 1. Notch Signaling Is Necessary for the Second Mitotic Wave
(A–C) Clones of N54/9 mutant cells. (D) Clone of SerRX106 mutant cells. (E and F) Clones of Dlrev10 mutant cells. (G and H) Clones of Dlrev10 ras40
double mutant cells. All clones were marked by the absence of (A–C) GFP or (D–H) β-galactosidase, shown in red, and outlined by dotted
lines. (A) In N54/9 mutant cells, BrdU (green) is not incorporated in the SMW. Mutant cells express neither (B) phosphohistone H3 nor (C) Cyclin
B. (D) BrdU (green) is incorporated normally in Minute+ SerRX106 mutant cells in the SMW. ([E] and arrowheads in [E*]) In large Minute+ Dlrev10
clones, cells do not incorporate BrdU or ([F] and arrowhead in [F*]) Cyclin B, although we occasionally observed a few mutant cells that
incorporated BrdU (arrowhead in [E]). Additionally, cells at the borders of clones were nonautonomously rescued ([E], white arrow). (G, G*, H,
and H*) In double Minute+ Dlrev10 ras40 mutant clones, neural differentiation (visualized by Elav expression in [H]) is blocked. In these mutant
cells, the SMW is blocked, and we do not observe incorporation or (G and G*) BrdU or (H and H*) Cyclin B expression. Nonautonomous
expression of Cyclin B is indicated with the white arrow in (H*). Here, and in all disc figures, posterior is to the right. Yellow arrows in
these and subsequent figures indicate the approximate position of the morphogenetic furrow; yellow bars mark the approximate position of
the SMW.BrdU (not shown); these were always in the most poste- i
(rior regions of clones, significantly behind the SMW.
This suggests that occasional cells behind the furrow w
Ncan divide in the absence of Notch signaling, which is
consistent with the fact that cell proliferation ahead of w
tthe furrow is not detectably impaired by loss of Notch:
our results focus specifically on the SMW. Notch mu- i
tant cells failed to express Cyclin B, which accumulates
in G2 and breaks down at mitosis (Baker and Yu, 2001; c
rKnoblich and Lehner, 1993) (Figure 1C; see the cells
outside the clone for the wild-type expression of a
aCyclin B).
Clones of cells mutant for the Notch ligand Delta t
2gave similar results: Cells did not enter S phase and
consequently failed to incorporate BrdU or express a
dCyclin B (Figures 1E and 1F); unsurprisingly, they did
not undergo mitosis (not shown). As expected for a li- m
Igand, there was rescue of the G1 block at the borders
of the Delta clones: Mutant cells adjacent to wild-type p
1cells were able to receive Delta from their neighbors
and thereby enter S phase (Figure 1E, arrow). Addition- f
Yally, as seen with Notch clones, occasional cells thatncorporate BrdU could be found in some Delta clones
Figure 1E, arrowhead). We also tested whether there
as a requirement for Serrate, the other Drosophila
otch ligand, but the SMW in Serrate mutant clones
as unaffected (Figure 1D). We therefore conclude that
here is a specific requirement for Delta to Notch signal-
ng for the initiation of S phase in the SMW.
Analyzing the function of Notch in the eye is compli-
ated by its multiple sequential functions. The earliest
elevant requirement is proneural; but, later, Notch has
lateral inhibition function, and reduction of its function
t this stage leads to excessive photoreceptor differen-
iation (Baker and Yu, 1997; Baonza and Freeman,
001; Cagan and Ready, 1989; Li and Baker, 2001). To
ddress whether the G1 block was caused by cells un-
ergoing some degree of ectopic differentiation, we
ade clones simultaneously mutant for Delta and ras.
n the absence of EGFR signaling, transduced by Ras,
hotoreceptor recruitment cannot occur (Freeman,
996; Simon et al., 1991), and all but the R8 cells are
orced into S phase (unpublished data and Baker and
u, 2001). In contrast, BrdU incorporation and Cyclin B
Control of Proliferation by Notch
531expression was blocked in clones mutant for both ras
and Delta (Figures 1G and 1H), except for cells adjacent
to wild-type tissue, in which nonautonomous rescue of
S phase was observed (Figure 1H*, arrow). This result
implies that Notch is required for the initiation of the
SMW, even when EGFR signaling is removed.
Notch Signaling Can Trigger Excess Proliferation
As well as being necessary for S phase onset, is Notch
signaling also sufficient to trigger proliferation? Clones
of cells overexpressing Delta showed substantial over-
growth compared to the surrounding wild-type tissue
(Figures 2A and 2B), implying that Notch activity can
force cells into extra rounds of division. Also, the mor-
phogenetic furrow was accelerated, as previously de-Figure 2. Activation of Notch Signaling Promotes Cell Cycle Pro-
gression in the Second Mitotic Wave
(A and B) Clones of cells ectopically expressing Delta (marked by
the expression of GFP in red). (A) In clones of Delta-expressing
cells, the number of cells that incorporate BrdU (green) is in-
creased, seen as a broader band of staining (arrow), compared with
wild-type tissue (arrowhead). (B) In Delta-expressing cells (red), we
observe more mitosis (marked with phosphohistone H3 in green)
than in nonmutant tissue. Compared to wild-type tissue (arrow-
head), there is an increased number of cells dividing (arrow) in re-
gions far posterior to the morphogenetic furrow (stained with anti-
Armadillo, blue).
(C) Wild-type eye disc stained with antibodies against phospho-
histone H3 (red) and Elav (green).
(D) The ectopic expression of UAS-Su(H)VP16 under the control of
GMR-Gal4 increases the number of mitotic cells (red) posterior
and, to a lesser extent, anterior to the furrow.
(E) BrdU incorporation (green) and mitotic cells (positive for anti-
phosphohistone H3) in the SMW in wild-type eye discs.
(F) In GMR-Gal4; UAS-Su(H)VP16/UAS-Dl eye discs, we observe
that the band of cells incorporating BrdU is wider than in control
discs (compare with [E]); also, the number of cell divisions is in-
creased. Note that expression of Su(H)VP16/UAS-Dl gives the
same degree of excess proliferation as Su(H)VP16 alone (Table 1).scribed (Baonza and Freeman, 2001). Consistent with
the overgrowth, extra BrdU incorporation (seen as an
abnormally broad band of staining, Figure 2A) and mi-
totic cells (Figure 2B) were seen associated with these
clones. We also observed a significant number of mi-
totic cells further posterior to the morphogenetic furrow
than typical of wild-type discs; these are presumably
cells undergoing extra rounds of division, but they may
also include cells that have been prevented from dif-
ferentiating by excess Notch activity.
The Suppressor of Hairless [Su(H)] transcription
factor transduces most, if not all, Notch signaling in
Drosophila (Bailey and Posakony, 1995; Bray and Furri-
ols, 2001; Lecourtois and Schweisguth, 1995). We
therefore examined the consequence of overexpres-
sion, under the control of GMR-Gal4, of an activating
form of Su(H) in which the herpes simplex virus VP16
transactivation domain is fused to Su(H) (Cooper et al.,
2000). Excess mitoses were observed (5.7 ± 0.6 mitotic
cells per row; compared to 3.6 ± 0.7 in wild-type; Table
1; Figures 2C and 2D). Consistent with this, there was
an expansion of the zone of BrdU incorporation (Fig-
ures 2E and 2F). These results suggest a role for Su(H)
in transducing the Notch signal that controls the onset
of S phase. Note, however, that Su(H) loss-of-function
clones cannot be used to prove its requirement, since
Su(H) also has a repressor function, which causes
these clones to have a partial Notch gain-of-function
phenotype (Furriols and Bray, 2001; Li and Baker, 2001;
Morel and Schweisguth, 2000). We also see an increase
in mitotic figures anterior to the furrow, where there is
no evidence for a Notch requirement (Figures 2C and
2D). This is caused by low-level expression of GMR-
Gal4 ahead of the furrow and does not affect the size
of the disc (unpublished data). It is consistent with the
idea that ectopic Notch signaling may be a widespread
trigger of proliferation, even in contexts in which there
is no proliferative requirement for the pathway (Baonza
and Garcia-Bellido, 2000).Table 1. Quantification of Mitotic Indices
Mitotic Index ± SE
Genotype (Mitotic Cells/Row)
Wild-type (yw) 3.6 ± 0.7
UAS-N-intra 5.3 ± 0.7; p < 0.0003
UAS-Su(H)VP16, UAS-Dl 5.3 ± 1.1; p < 0.001
UAS-Dl 3.9 ± 1
UAS-Su(H)VP16 5.7 ± 0.6; p < 0.00001
UAS-Dp, UAS-dE2Fa 8.5 ± 1.4
UAS-Dp, UAS-dE2F, UAS-Dla 10.4 ± 1.5; p < 0.001
UAS-CycAa 8.7 ± 1
UAS-CycA, UAS-Dla 7.6 ± 1.8
UAS-CycEa 10.3 ± 2.6
UAS-CycE, UAS-Dla 11.5 ± 1.8
The mitotic index is the number of phosphohistone H3-positive
cells in an imaginal disc divided by the number of ommatidial rows.
This normalizes for different aged discs. p values are shown when
the mitotic index varies significantly from controls. Experiments
and controls done together (and therefore directly comparable) are
grouped. All UAS constructs were driven by GMR-Gal4.
a Significantly different from wild-type control, p < 0.00001.
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S
of Notch Signaling
T
We examined the effect of loss of Notch on the expres-
c
sion of several regulators of the G1-S transition. Cyclin
(
E is a primary trigger of S phase (Knoblich et al., 1994)
and thus was an obvious candidate for being a Notch
effector. However, cells in Notch mutant clones ex- G
ipressed Cyclin E, although it accumulated abnormally
(Figures 3A and 3A*), presumably because the cells are T
garrested in G1. The other primary activator of S phase
onset appears to be dE2F1, a Drosophila homolog of n
4the E2F family of transcriptional activators that control
the expression of many genes required for DNA synthe- c
(sis (reviewed in Dyson, 1998). However, dE2F1 expres-F
T
(
(
(
(
n
(
D
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Figure 3. Notch Signaling Is Required for the Expression of Cyclin A
Clones of N54/9 mutant cells marked by the absence of GFP in red s
(note that the strongest red regions are the twinspots, where cells u
carry two copies of the GFP reporter. i
(A and A*) In N mutant cells, CycE (green) is expressed in the SMW p
but abnormally persists in cells posterior to the morphogenetic
dfurrow.
(B and B*) dE2F1 is expressed normally in N mutant tissue.
(C and C*) The expression of CycA is strongly reduced in N mutant h
cells. (D and D*) The levels of Dacapo protein are normal or slightly t
reduced in N mutant cells. d
Cion was also unaffected by loss of Notch activity (Fig-
res 3B and B*). Importantly, these results also both
mply that the Notch mutant cells are not broadly com-
romised: They accumulate Cyclin E and express
E2F1 normally.
Cyclin A is best known as a mitotic cyclin but also
as a less well-defined role in the onset of S phase (see
he Discussion). We found Cyclin A to be significantly
ownregulated in Notch mutant cells (Figures 3C and
*). Finally, we examined the expression of Dacapo, an
nhibitor of the Cyclin E/Cdk2 complex and thereby of
phase entry (de Nooij et al., 1996; Lane et al., 1996).
here was no upregulation of Dacapo in Notch mutant
lones: in fact, expression was reduced in most cases
Figures 3D and 3D*).
enetic Interactions Suggest a Role for dE2F1
n Notch Control of Proliferation
o complement the expression analysis, we looked for
enetic interactions that might suggest which compo-
ents act with Notch in the control of the SMW (Figures
A–4D; Table 1). Expression of UAS-Delta under GMR
ontrol produced no significant increase of proliferation
mitotic index of 3.9 ± 1.0 cells per row compared withigure 4. Notch Signaling Interacts Genetically with dE2F1
hird instar eye imaginal discs stained for phosphohistone H3
green) and Elav (red).
A) Wild-type eye disc.
B) GMR-Gal4/UAS-Dl eye disc.
C) In GMR-Gal4/UAS-dE2F UAS-Dp eye discs, we observe a sig-
ificant increase of mitosis behind the MF.
D) The ectopic expression of Delta in combination with dE2F and
p (GMR-Gal4/+; UAS-Dl/UAS-dE2F UAS-Dp) results in a substan-
ial increase of mitosis behind the MF. See Table 1 for quantitation.
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5333.6 ± 0.7 for control discs). In contrast, expression of
UAS-dE2F1 (combined with its obligate partner, UAS-
Dp [Trimarchi and Lees, 2002]) produced significant ex-
cess mitoses (8.5 ± 1.4 cells per row); note that all over-
expression of dE2F1 refers to the combination of dE2F1
and Dp. When both UAS-dE2F1/Dp and UAS-Delta
were cooverexpressed, we detected a moderate but re-
producible and statistically significant (p < 0.001) en-
hancement (10.4 ± 1.5 cells per row; Figure 4D). In con-
trast to this genetic interaction, GMR-Gal4/UAS-Delta
expression did not significantly modify the phenotype
of UAS-cyclin A or UAS-cyclin E (Table 1).
Notch Signaling Controls Transcriptional Activity
of dE2F1 via RBF1
The genetic interactions between dE2F1 and Delta sug-
gest that they may be functionally associated in con-
trolling proliferation. However, dE2F1 is present at nor-
mal levels in Notch mutant clones (see above). An
alternative possibility is that Notch signaling affects the
transcriptional activity of dE2F1. To test this hypothe-
sis, we used a dE2F1 reporter construct in which 100
base pairs from the promoter of the Drosophila PCNA
gene drive GFP expression. This reporter contains a
pair of dE2F1 binding sites and has been shown to re-
spond specifically to dE2F1 and to represent faithfully
the normal expression of PCNA (Thacker et al., 2003).
We examined its expression in wild-type eye discs. It is
expressed in random cells ahead of the morphogenetic
furrow, is completely absent from the furrow to the re-
gion of the SMW, and is then expressed clearly for 3–4
rows in the SMW, fading out more posteriorly (see, for
example, below). Within the SMW, we saw gaps in the
expression of the PCNA-GFP reporter, corresponding
to the precluster cells, which do not participate in the
SMW and thus do not enter S phase. No GFP expres-
sion at any stage of disc development was detected
(not shown) when both dE2F binding sites were specifi-
cally mutated (Thacker et al., 2003).
Ectopic Delta expression in clones caused activation
of the PCNA-GFP reporter close to the morphogenetic
furrow, but not in the posterior of the disc (Figure 5A).
This could be seen both as increased width of the
PCNA-GFP expression in the SMW (arrow) and also as
new domains of PCNA-GFP expression near the border
of Delta-expressing clones (arrowhead), mostly acti-
vated nonautonomously in adjacent wild-type cells.
This implies that Delta/Notch signaling is sufficient to
activate this dE2F1 target gene, although this is con-
fined to a region in the vicinity of the morphogenetic
furrow. We also looked at PCNA-GFP expression in
Notch mutant clones and observed the autonomous
loss of expression within the clones (Figure 5B). This
indicates that cells unable to receive a Notch-trans-
duced signal are unable to activate transcription of
PCNA. For reasons that are obscure, we also detected
a nonautonomous slight elevation of PCNA-GFP levels
in wild-type cells surrounding the Notch mutant clones
(Figure 5B*, arrowhead); a similar effect on BrdU incor-
poration was seen (not shown). These results demon-
strate that Delta/Notch signaling is both necessary and
sufficient for the transcription of a specific dE2F1 target
gene in the SMW.An important regulator of dE2F1 transcriptional activ-
ity is RBF1, one of the two Drosophila homologs of the
retinoblastoma factor pRb. As with its mammalian
counterparts, RBF1 is an inhibitor of dE2F1 (Dyson,
1998). RBF1 is required for the correct timing and main-
tenance of G1 arrest of cells in the morphogenetic fur-
row. In the absence of RBF1, dE2F1 is activated, and
cells arrest in G1 late and enter S phase precociously
(Du, 2000; Xin et al., 2002). Perhaps Notch signaling
represses the activity of RBF1, thereby contributing to
the activation of dE2F1 and the onset of S phase. We
tested this by examining whether the loss of RBF1
could rescue the transcriptional activity of dE2F1 in
Notch mutant clones. The PCNA-GFP reporter con-
struct was autonomously expressed at high levels in
double Notch− RBF1− clones (Figure 5C), contrasting
with its inactivity in Notch− clones. Cyclin A expression
remained absent in the double Notch− RBF1− clones
(not shown), implying that loss of RBF1 did not rescue
that aspect of the Notch phenotype. We also checked
Cyclin E expression in these clones and found it to be
upregulated (Figure 5D), consistent with it being a
target of dE2F1. These results imply that Notch signal-
ing normally downregulates the inhibition of dE2F1 by
RBF1: When Notch is absent in mutant clones, this de-
repression cannot occur.
Relative Roles of dE2F1 and Cyclin A
dE2F1 is an important trigger of S phase in the eye and
wing (Du, 2000; Neufeld et al., 1998). Despite this, S
phase was not rescued in the Notch− RBF1− double
mutant clones, in which dE2F1 was activated (Figure
5E). A potential explanation for this is that Cyclin A ex-
pression is also required for the onset of S phase in the
SMW (recall that our data demonstrate that Cyclin A
expression is dependent on Notch). However, co-
overexpression of cyclin A and dE2F1 did not signifi-
cantly rescue S phase in Notch clones (Figure 5F), im-
plying the existence of at least one other, currently
unidentified, pathway by which Notch triggers the on-
set of S phase.
To test further the idea that dE2F1 is indeed down-
stream of Notch, we made Minute+ clones of dE2F1rM729
(a null allele) in wild-type and discs expressing GMR-
Gal4/UAS-Su(H)VP16. In a wild-type background, the
clones were extremely small (Figure 5G), even when
generated early (60 hr after egg laying [AEL]) and given
a Minute+ growth advantage. This is consistent with
previous data indicating the importance of dE2F1 in S
phase. Presumably, the small clones we do see can be
explained either by some redundancy (Du, 2000) or by
perdurance. Su(H) was unable to rescue proliferation
(Figure 5H) despite having a potent proliferative effect
in wild-type discs (see Table 1 and Figure 2D). This sup-
ports the model that dE2F1 is downstream of Notch’s
ability to drive proliferation. The significance of Cyclin
A in S phase initiation is more complex. cyclin A mutant
discs are small, reflecting its undisputed function in G2/
M, but still incorporate BrdU (data not shown), implying
that any function in S phase must be redundant. Never-
theless, our data and those of others (see the Discus-
sion), implicate Cyclin A in S phase initiation.
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534Figure 5. Notch Activates dE2F1 through
RBF
(A and A*) In clones of Delta-expressing cells
(see Experimental Procedures for geno-
types), the band of cells expressing PCNA-
GFP reporter in the SMW is wider (arrow)
than in wild-type. These clones also induce
nonautonomous activation of the PCNA-GFP
reporter in the surrounding wild-type cells
(arrowhead).
(B and B*) In N54/9 mutant cells (marked by
the absence of N protein in red), the PCNA-
GFP reporter (green) is not expressed in the
SMW. There is some nonautonomous ec-
topic expression of the PCNA-GFP reporter
posterior to these clones ([B*], arrowhead).
(B*) also shows, outside the clones, the nor-
mal expression of the PCNA-GFP reporter: it
is absent from the furrow, is expressed in the
SMW, and is then mostly absent in more
posterior cells.
(C and C*) In double mutant N54/9 RBF14 cells,
the PCNA-GFP reporter is expressed in all
cells (clones marked by the lack of N protein
in red).
(D and D*) Cyclin E expression is upregu-
lated in double mutant N54/9 RBF14 cells.
(E and E*) BrdU (green) is not incorporated
in double mutant N54/9 RBF14 cells.
(F and F*) BrdU incoporation is reduced in
M+ Dlrev10 mutant cells in the SMW ([F*], ar-
rowhead), even when UAS-dE2F, UAS-Dp,
and UAS-CycA are driven by GMR-Gal4
(clones are marked by the lack of GFP).
(G) Minute+ dE2F1rM729 clones (red, marked
by absence of GFP) are very small; cyclin B,
green; phosophohistone H3, blue.
(G*) GFP clone marker.
(H) GMR-Gal4/UAS-Su(H)VP16 does not increase the size of Minute+ dE2F1− clones. Markers are as in (G).
(H*) GFP clone marker.Expression of Notch and Delta in the SMW o
2We colocalized Notch and Delta expression with the S
phase marker PCNA, and with a reporter of Notch activ- i
sity, E(spl)m4-lacZ (Bailey and Posakony, 1995). Notch is
expressed in all cells in the furrow and the SMW (Fig- i
rures 6A and 6B), although its level is reduced in regu-
larly spaced clusters in the furrow, which correlate to the s
wlocation of the developing preclusters. As previously
noted by Parks et al. (1995), Delta is expressed uni- R
bformly in the furrow, albeit transiently and weakly, prior
to its stronger, localized expression in the developing t
iommatidial clusters (Figure 6C). Consistent with our
model, PCNA expression, marking the onset of S i
phase, is first seen about one row of cells posterior to
(i.e., later than) the onset of Delta expression in the fur- o
irow (Figures 6D–6F). The E(spl)m4 reporter expression
precedes slightly the detectable expression of PCNA- D
tGFP; then, within one row of cells, PCNA-GFP and
E(spl)m4 become coincident. However, after the com- f
tpletion of the SMW, PCNA-GFP declines, while Notch
signaling remains active, consistent with Notch’s later t
sfunctions in eye development.
When EGFR activity is reduced in discs homozygous e
mfor the dominant Ellipse (Elp) allele, most ommatidial
clusters fail to form (Baker and Rubin, 1989). Despite r
ithis, there is a morphogenetic furrow and all cells pos-
terior to the furrow enter S phase, suggesting that the snset of the SMW may be constitutive (Baker and Yu,
001). This would contradict our model of Notch-
nduced onset. We therefore examined Delta expres-
ion in Elp/Elp discs. The uniform expression of Delta
n the furrow remained; it was also expressed in those
esidual clusters that form in Elp discs (Figure 7A). More
trikingly, clones of EGFR loss-of-function cells, in
hich ommatidia never develop beyond the founding
8 photoreceptors, also expressed Delta in the furrow,
ut not in clusters (Figure 7B); cells in these clones,
oo, enter S phase (Baker and Yu, 2001). These results
mply that the furrow domain of Delta expression alone
s able to trigger the onset of the SMW.
The movement of the morphogenetic furrow depends
n the secreted proteins Hedgehog (Hh) and Dpp; Hh
s the primary driver, but it induces the expression of
pp, which then also participates in furrow propaga-
ion. We examined Delta expression in clones mutant
or the Hh and Dpp receptors, smoothened (smo) and
hick veins (tkv), respectively. Clones of either smo3 or
kvstII were sufficient to strongly downregulate expres-
ion of Delta in clusters, but, in both cases, the furrow
xpression remained (Figures 7C and 7D). When the
utations were combined, Delta expression in the fur-
ow was abolished (Figure 7E), as was BrdU expression
n the SMW (Figure 7F). Note that this requirement was
pecific to the SMW: The double mutant clones were
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535Figure 6. The Expression of Notch and Delta Precedes the SMW
(A and B) Notch is expressed in all the cells in the MF (red), al-
though higher levels are observed in cells expressing PCNA-GFP
reporter (green).
(C) Delta is expressed initially at low levels in all the cells in the MF;
more posteriorly, we observe high levels of Delta in the developing
ommatidial clusters.
(D–F) Cells immediately posterior to the MF that have high levels
of the PCNA-GFP reporter (green) also express high levels of the
reporter gene for E(spl)m4 (anti-β-galactosidase, in blue). These
cells are adjacent to clusters of cells expressing high levels of
Delta (red).Figure 7. Delta Expression Depends on Hh and Dpp Signaling
(A) In ElpB1 homozygous eye discs, Delta is expressed in the MF as
well as in ommatidia. Photoreceptors are stained with anti-Elav.
(B) In Egfr1K35 mutant cells (marked by the absence of β-gal), the
expression of Delta is abolished from ommatidia but is still present
in cells in the MF.
(C) Delta expression is reduced but not eliminated in tkvIIst mutant
cells (marked by the absence of CD2).
(D) In smo3 mutants cells (marked by the absence of GFP), Delta is
expressed in the cells in the MF as well as in some developing om-
matidia.
(E) In tkvIIst smo3 double mutant clones, the expression of Delta is
abolished in all cells in and behind the MF.
(F) BrdU incorporation in the SMW is also abolished, although
some positive cells are seen in the posterior of the disc (ar-
rowhead).
(G) Model of SMW regulation by external signals. Delta/Notch sig-
naling controls the onset of S phase in the SMW by at least two
routes. First, Notch signaling activates dE2F1 by downregulating
RBF. Second, Cyclin A expression is dependent of Notch. There
must be at least one other Notch effector (see text). Dotted lines
indicate that we do not know how direct this control is. Delta ex-
pression is dependent on both Hh and Dpp signals, which emanate
from cells behind the furrow. A later G2-M checkpoint in the SMW
is overcome by EGFR signaling that triggers the expression of
string (Baker and Yu, 2001; Baonza et al., 2002). For clarity, we
have simplified the interactions and have shown only those directly
relevant to this work.of normal size. We conclude that Hh and Dpp signaling
both contribute to the morphogenetic furrow expres-
sion of Delta, which is the primary source of the signal
that triggers the onset of the SMW.
Discussion
Notch Controls the Onset of the SMW
Our work identifies a new cell cycle checkpoint in the
second mitotic wave and describes how intercellular
signaling overcomes this checkpoint. Delta signaling to
Notch triggers a progression from G1 arrest in the mor-
phogenetic furrow into the S phase of the terminal mi-
tosis. We have identified two effectors of this Notch
requirement, dE2F1 transcriptional activity, and cyclin
A expression, although our data imply that at least one
other target also exists; this is unidentified, but our data
preclude it from being Cyclin E. Previous work has
identified a later SMW checkpoint, at the G2-M transi-
tion (Baker and Yu, 2001; Baonza et al., 2002). Together,
Notch and the EGFR therefore coordinately provide
spatial and temporal control of the cell cycle in the
SMW (Figure 7G).
Our results lead us to propose the following course
of events. Notch is activated by the uniform band of
Delta in all cells as they emerge from the morphogene-
tic furrow. Cells that are uncommitted thereby enter S
phase, whereas cells that are part of the precluster are
blocked from responding and remain in G1. Baker and
Yu (2001) have shown that the G1 arrest of preclustercells is dependent on EGFR activation, although the
details of the mechanism remain unclear. One of the
consequences of EGFR activation in precluster cells is
the upregulation of Delta expression (Parks et al., 1995;
Tsuda et al., 2002). Cells between the preclusters would
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536therefore end up initially receiving low-level uniform c
tDelta, later reinforced by the upregulated Delta in the
adjacent preclusters. Together, these provide a robust
and modulated activation of Notch in cells that will en- A
ter the SMW. C
We emphasize that our work uncovers a normal de- i
velopmental function for Notch signaling only in the s
control of a specific terminal mitotic cycle. The fact that D
clones of Notch and Delta mutant cells can be gener- a
ated implies that they are not required for the earlier, t
unpatterned proliferation ahead of the morphogenetic e
furrow. Similarly, the ability to make clones in other p
imaginal discs indicates that there is no requirement for a
Delta/Notch signaling in most cell proliferation in Dro- m
sophila. Rather, this signal requirement, and the subse- 1
quent EGFR-dependent entry into mitosis, is superim- 1
posed upon normal controls in this regulated terminal o
mitosis. Moreover, the ability of Notch signaling to initi- S
ate S phase is restricted to a short period. Notch has p
other functions later in eye development (Cooper et al., i
2000; Flores et al., 2000; Miller and Cagan, 1998), and p
we have shown that later ectopic signaling does not 2
lead to additional proliferation. Nevertheless, Delta- T
expressing clones in other tissues also hyperproliferate i
(Baonza and Garcia-Bellido, 2000), suggesting that ec- p
topic Notch activity has a wider ability to trigger inap- i
propriate proliferation. t
The EGFR and Notch signal systems play distinct t
roles in regulating the SMW. After completing its prelim-
inary role in maintaining cells in G1 arrest, EGFR signal- N
ing ensures that cells only undergo mitosis if they are N
adjacent to developing clusters, thereby matching the a
number of cells born with the number that will be re- c
quired to complete ommatidial differentiation (Baker p
and Yu, 2001). In contrast, Notch initiates the whole c
process by regulating whether cells emerging from the R
morphogenetic furrow enter the SMW or remain ar- h
rested in G1 and start to differentiate. (
t
tDevelopmental Coordination of Proliferation
by Hedgehog a
aThe secreted protein Hedgehog has a primary role in
the forward movement of the morphogenetic furrow v
a(Baonza and Freeman, 2001; Domínguez and Hafen,
1997; Greenwood and Struhl, 1999; Heberlein et al., t
m1993; Ma et al., 1993). Hedgehog also has an important
function in initiating and coordinating the onset of the 2
rSMW, specifically the initiation of S phase. We have
shown that Hh and Dpp together lead to the expression t
Oof Delta in the furrow. Furthermore, Du and colleagues
have shown that Hh is essential for the expression of n
ocyclin D and cyclin E in the morphogenetic furrow (Du-
man-Scheel et al., 2002). In Drosophila, Cyclin D is pri- d
smarily a regulator of cell growth (Datar et al., 2000;
Meyer et al., 2000; Prober and Edgar, 2000), whereas i
cCyclin E is the main cyclin that regulates S phase onset
(Duronio et al., 1998; Thacker et al., 2003). These data N
iimply that Hedgehog signaling activates several inde-
pendent branches of the pathway that leads to the on- p
pset of S phase in the SMW. Incidentally, our observation
that Cyclin E accumulates in Notch mutant clones, i
cwhich lack dE2F1 activity, indicates that, at least in thisontext, Cyclin E is not sufficient to inhibit RBF and
hereby activate dE2F1 activity.
Role for Drosophila Cyclin A in S Phase?
yclin A is best characterized as a mitotic cyclin, and
ts destruction is a key step in the completion of mito-
is. An additional function in the onset of S phase in
rosophila remains enigmatic. Mammalian Cyclin A
nd its associated kinase Cdk2 can drive G1 cell ex-
racts into S phase (Resnitzky et al., 1995; Rosenberg
t al., 1995), and anti-Cyclin A antibodies can block S
hase in injected cells (Girard et al., 1991; Pagano et
l., 1992). But, in Drosophila, S phase can proceed nor-
ally in the absence of Cyclin A (Lehner and O'Farrell,
989) and Cyclin A does not bind Cdk2 (Knoblich et al.,
994). Nevertheless, when overexpressed, Cyclin A can
vercome the lack of Cyclin E and allow cells to enter
phase (Sprenger et al., 1997). Furthermore, overex-
ression of the Cyclin A inhibitor Roughex blocks entry
nto S phase in embryos, and roughex mutants show
recocious S phase entry in the SMW (Avedisov et al.,
000; Sprenger et al., 1997; Thomas et al., 1994;
homas et al., 1997). We also observe ectopic BrdU
ncorporation in the eye disc when Cyclin A is misex-
ressed (not shown). Our data indicating that Cyclin A
s one of the targets of Notch signaling further supports
he idea that Cyclin A is part of the machinery that con-
rols the onset of S phase in the SMW.
otch and Cell Proliferation in Other Contexts
otch signaling in mammals, as in flies, is pleiotropic
nd context dependent. This is highlighted in human
ancer, where Notch is oncogenic in a number of cases,
articularly in hematopoietic neoplasms, but in other
ontexts has tumor suppressor functions (reviewed in
adtke and Raj, 2003). Moreover, although our work
ighlights a proliferative function, Johnston and Edgar
1998) have shown that Notch inhibits proliferation in
he wing disc. Notwithstanding this caveat, it is striking
hat Notch activity can be hyperproliferative in humans
nd in Drosophila, and little is known about this prolifer-
tive response. It has recently been shown in the de-
eloping Drosophila central nervous system that Notch
ctivity can maintain cells in a proliferative state by an-
agonizing the p21/p27 homolog Dacapo, thereby
aintaining Cyclin E expression (Griffiths and Hidalgo,
004). Similarly, the dacapo gene is downregulated in
esponse to Notch in the mitotic-to-endocycle transi-
ion in Drosophila follicle cells (Shcherbata et al., 2004).
ur work describes a different mechanism: Notch sig-
aling overcomes a G1-S checkpoint via the activation
f universally conserved cell cycle components, RBF1,
E2F1, and possibly Cyclin A. Although tempting to
peculate that these data may provide some insight
nto oncogenic mechanisms, it will be important to as-
ertain whether the particular relationships between
otch and the core machinery that triggers S phase is
ndeed conserved. In fact, our data imply that Notch
robably also influences the mitotic cycle at other
oints. If the only role of Notch were to advance cells
nto S phase, they would simply arrest at the next
heckpoint, G2-M. The fact that Notch activity leads to
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537overgrowth therefore implies that Notch can also, di-
rectly or indirectly, drive cells through the subsequent
G2-M checkpoint.
Experimental Procedures
Genetic Strains
The following alleles were used: Su(H)O47, N54/9, DlRev10, SerRX106,
Egfr1K35, ElpB1, rasD40, smo3, tkvstII, and RBF14. The UAS lines used
were: UAS-Dl, UAS-Nintra (activated Notch), UAS-CycE, UAS-
CycA, UAS-CycD, UAS-Dp, UAS-dE2F1, and UAS-Su(H)VP16. All
stocks are described in FlyBase (http://flybase.bio.indiana.edu/).
We used two reporter lines: PCNA-GFP (Thacker et al., 2003) and
a lacZ reporter line, w118; P (E(spl)m4-lac-Z)-96A (Bailey and Posa-
kony, 1995).
Generation of Mosaics
Mitotic clones were generated by FLP-mediated mitotic recombi-
nation (Xu and Rubin, 1993). Recombination was induced in second
instar larvae (60 hr AEL) by a 90 min heat shock at 37°C. Mutant
clones for DlRev10, SerRX106, rasD40, and double DlRev10 rasD40 were
marked by the absence of β-galactosidase staining or GFP, by
using y w hsp-FLP122; FRT82B arm-lacZ M(3)/TM6B or y w hsp-
FLP122; FRT82B UB-GFP M(3)/TM6B stocks, respectively. Flies
were crossed to: y w hsp-FLP122; DlRev10 FRT82B/TM6B, or y w
hsp-FLP122; SerRX106 FRT82B/TM6B, rasD40 FRT82B/TM6B or
rasD40 DlRev10 FRT82B/TM6B. Mutant clones for N54/9 and double
N54/9 RBF14 were marked by the absence of GFP in progeny from
the cross between male UB-GFP FRT18A; hsp-FLP MKRS/TM6B
and N54/9 FRT18A/FM7 or RBF14 N54/9 FRT18A/FM7 females. Mu-
tant clones for smo3 were marked by the absence of GFP in prog-
eny from the cross between y w hsp-FLP122; smo3 FRT40A/Cyo
males with y w hsp-FLP122; UB-GFP FRT40A/Cyo females. Clones
for Egfr1K35 mutant cells were marked by the absence of β-galacto-
sidase in progeny from the cross between y w hsp-FLP122;
FRT42D Egfr1K35/Cyo and y w hsp-FLP122; FRT42D arm-lacZ
M(2)53/Cyo. Clones for tkvstII and double mutant clones smo3 tkvstII
were marked by the absence of CD2, in progeny from the cross
between y w hsp-FLP122; tkvstII FRT39/Cyo or y w hsp-FLP122;
smo3 tkvstII FRT39/Cyo males and y hsp-FLP122; hsp70-MYC
hsp70-CD2 FRT39 females. Expression of the PCNA-GFP reporter
in mutant clones for N54/9 or RBF14 N54/9 was analyzed by crossing
RBF14 N54/9 FRT18A/+; PCNA-GFP or N54/9 FRT18A/+; PCNA-GFP
females with FRT18A; hsp-FLP MKRS/TM6B males; clones were
marked by the absence of Notch protein. Mutant clones for
dE2F1rM729 were marked by the absence of GFP, by using y w hsp-
FLP122; FRT82B UB-GFP M(3)/TM6B stock. dE2F1rM729 mutant
clones were generated in eye discs that ectopically expressed
UAS-Su(H)VP16 under the regulation of GMR-Gal4 by crossing y w
hsp-FLP122; GMR-Gal4/+;FRT82B UB-GFP M(3)/+ males with
UAS-Su(H)VP16; dE2F1rM729 FRT82B/SM6a-TM6B females. GMR-
GAL4/UAS-Su(H)VP16 eye discs were identified by the ectopic pro-
liferation and neural differentiation phenotype.
Clones of cells expressing Gal4 (Ito et al., 1997) were induced
24–48 or 48–72 hr after egg laying by 12 min heat shocks at 37°C
in flies of the following genotypes: y w FLP1.22; Act5C<FRT yellow+
FRT> Gal4 UAS-GFP/UAS-Dl; y w FLP1.22; Act5C<FRT yellow+
FRT> Gal4 UAS-lacZ/+; UAS-Dl/ PCNA-GFP.
DlRev10 mutant clones were generated in discs that ectopically
coexpressed UAS-CycA, UAS-Dp, and UAS-dE2F1 under the regu-
lation of GMR-Gal4 by crossing y w hsp-FLP122; GMR-Gal4 UAS-
CycA/+;FRT82B UB-GFP M(3)/+ males with UAS-Dp UAS dE2F1;
DlRev10 FRT82B/SM6a-TM6B females. Mutant cells were marked by
the absence of GFP.
Immunohistochemistry and BrdU Labeling
Eye discs from third instar larvae were stained as described (Gaul
et al., 1992). The following antibodies were used: rabbit (Cappel)
and mouse anti-β-galactosidase; mouse anti-CycB (diluted 1:1);
mouse anti-CycA (diluted 1:1); mouse monoclonal anti-CycE (di-
luted 1:50) (Richardson et al., 1995); mouse monoclonal anti-Dacapo (1:50) (gift from I. Hariharan); guinea pig anti-dE2F1 (diluted
1:100) (gift from T. Orr-Weaver); mouse and rat anti-Elav (used at
1:50 and 1:100, respectively); mouse anti-Notch (C458.2H) (1:200);
mouse anti-Delta (C594.9B) (1:50); mouse anti-BrdU (1:50) (Becton
Dickinson), and mouse anti-CD2 (1:100) (Serotech). Anti-Elav and
mouse anti-β-gal, anti-CycB, anti-CycA, anti-Notch, and anti-Delta
were obtained from the Developmental Studies Hybridoma Bank at
the University of Iowa. Alexa 488 and 594 (Molecular Probes) and
Cy5 (Jackson ImmunoResearch) conjugated secondary antibodies
were used at dilutions of 1:200.
For BrdU labeling, eye-antennal discs were dissected and incu-
bated with 200 g/ml BrdU (Sigma) in Schneider’s tissue culture
medium for 1 hr. BrdU-labeled cells were detected as described
previously (Baker and Yu, 2001).
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